During the development stage of a petroleum field, one important decision is to define the schedule for drilling the wells. Several general rules were listed for light and heavy oils. However, these rules are not always applicable and it may be important to use simulation models to test and choose the schedule. This paper consists of the development, implementation, and application of two different algorithms for optimization of wells drilling schedule. The first algorithm seeks, for each period, which well brings the best economic output. Once this well is selected, the second period of time is tested considering the remaining wells and this procedure is repeated until the last well. The second procedure is based on the reduction of search space where random schedules are generated and the best results maintained for the subsequent generation of scenarios, only allowing the wells to be drilled in the period that produced the best values of the objective function in the previous step. This procedure is repeated until each well converges to the period that results in the best economic return. Both algorithms were tested in two synthetic fields, based on the characteristics of offshore heavy oil and high average permeability reservoirs. To generate a benchmark for the solutions, a large amount of random schedules were tested and a normal distribution for net present values was generated. Both algorithms can be applied in any type of reservoirs, resulting in a very time consuming process in the cases where simulation time is very high. The results from both algorithms lead to net present values higher than at least 95% of the values from random schedules. For both cases, economic results were significantly better than those found for selecting strategy using wells ranking based in economic indicators, which is a common procedure. Both algorithms are also easy to implement and they can be inserted in a cycle of automated or assisted optimization process.
INTRODUCTION
Selection of production strategy is a very important step during the process of petroleum field development. This step aims to maximize the values of an objective function (usually net present value) of the project. It consists on the optimization of several variables regarding to number and position of wells, platform size, control values, and others. Drilling and completion of wells is a time consuming operation that demands the use of special equipment such as drilling rigs, PLSVs (Pipe Laying Support Vessel), which may limit the perforation time.
Schiozer et al. (2015)
presented a detailed procedure to perform closed loop reservoir management, and its application to decision analysis. One important step of this methodology is the probabilistic optimization, where the authors suggest the selection of representative models and subsequent deterministic strategy selection for each of the selected models.
Gaspar et al. (2016)
proposed a methodology that hierarchizes parameters for the production strategy selection, dividing into a group of design variables (G1), control variables (G2), and potential improvement variables (G3).
The group G1 involves variables that must be selected before the development stage begins. Typically this group encloses number and location of wells, drilling schedule, and platform production and injection limits. Different methodologies can be applied for the optimization of each group separately.
Ravagnani et al. (2011)
proposed some economic indicators to compare performance of wells and its use in the process of production strategy selection. Economic indices are defined as producer well economic index (PWEI, Equation 1). It takes into account costs and revenues for individual producers, the injector well economic index (IWEI, Equation 2), and the cost for individual injectors.
(1) (2) For each well, PWEI or IWEI is calculated. These values are, then, ranked; and simplified sequences (2 producers and 1 injector, for example) are defined for drilling sequence.
Andrade Filho (1994) proposed a methodology that uses the polytope search method, which is a direct method for searching the optimum value. This procedure, however, demands high computational efforts, and could be replaced by the plotting of the whole response surface.
Beckner and Song (1995) presented an algorithm based on the problem known as the "travelling salesman" to address the problem of position and drilling schedule for wells. An average interval of three months is considered for drilling wells. They concluded that for heterogeneous reservoirs, there is a significant impact on these parameters due to the cost of wells variable.
Leeuwenburgh et al. (2016)
presented a methodology to optimize well drilling schedule (sequence and time) under uncertainty. They observed that solutions tend to be sensitive to the choice of initial control variables values. They also discovered the possibility of obtaining a large number of solutions with very similar results.
Lamas and Schiozer (2016)
showed that, for heavy and viscous oils, the selection of drilling schedule based on the ranking of economic indicators leads to sub-optimal values of net present values. This is an indication that, for this type of oil, selection of drilling schedule has a higher impact than for the cases of light oils. Lamas (2014) showed that for heavy oils, due to a slower decrease in reservoir initial pressure, optimized strategies tend to open producers in earlier times than injectors. The author divided the optimization of G1 variables into two sub-groups, G1A (number and location of wells, capacity of production systems) and G1B (Drilling Schedule of Wells). This subdivision is practical, because allows the use of different methodologies to optimize each sub-group separately.
This work focuses on the development and comparison of different methodologies for optimization of drilling schedule of wells for heavy oil fields. The advantage of this methodology, when compared with others found in literature, is that both of them are simple to implement and can be inserted in an optimization procedure, such as the proposed by Gaspar et al. (2016), and in a probabilistic decision analysis, such as the one proposed by Schiozer et al. (2015) .
The objective function used in this work is the Net Present Value (NPV), which is the sum of cash flows for every period of a field's life, brought to present time by a discount rate. One of the economic indicators used in the development of algorithms is the Field Economic Indicator (FEI), which is calculated using a similar equation of NPV. The main difference between them is that FEI considers that all wells are opened at the same time, which is unrealistic. This adjustment is made to have a proper comparison regarding the performance of the wells.
The objective of this work is the development, implementation and application of two different algorithms in the optimization a wells' drilling schedule, comparing results from both of them with the methodology proposed by Ravagnani et al. (2011) and with random schedules. Both methodologies need to be robust, demand few simulations, and have the possibility of being automated. These conditions will make it possible for it to be inserted in a hierarchical optimization procedure, such as the one proposed by 
METHODOLOGY
The first algorithm proposed in this work is based in the search, in each period of the field development, for the well that offers the best economic output. Once this well is selected, the second period of time is tested for the remaining wells. This procedure is repeated until reaching the last well.
The second procedure is based on the reduction of search space. Random schedules are generated and a percentage of the best results are analyzed.
Search space is reduced to prioritize, for each well, the months that resulted in better NPVs. New random schedules are generated, but now allowing only combinations that previously resulted in better results. The procedure is repeated until convergence is achieved.
Using MATLAB, random sequences are generated for opening the wells. This step ensures that all wells are open only one time. This is possible by generating one vector of integers ranging from one to the number of wells, and randomly scrambling this vector. Each random vector is checked for its uniqueness, and stored in a table. In the sequence, for each vector inside this table, a simulation file is generated and simulated.
For each field, a schedule is selected using the methodology proposed by Ravagnani et al. (2011) . In this step, field is simulated considering the opening of all wells in the first day of simulation. Values of PWEI and IWEI are calculated, using Equations 1 and 2. In the sequence, wells are ranked using these indicators, and, then, a sequence considering 2 producers and 1 injector is selected. 
Algorithm 1
The first algorithm consists in the selection, period by period (i.e. month, quarter, semester), of the well with better economic results. To do so, in the first period, N simulation files are generated (N is the number of wells), where in each simulation file, a different well is allocated in this period. The remaining wells are allocated in the next period of time. Supposing a hypothetical example of four wells, initially four simulation files are generated, according to Figure 1 .
After generation and simulation of these files, Field Economic Indicator (FEI) is calculated for each of them, using Equation 3:
Although FEI and NPV are calculated with very similar equations, they do not have the same meaning. FEI considers that more than one well can be perforated in the same period of time, and because of that, it is unrealistic. This is an important economic indicator and can be used when comparing strategies, but does not reflect realistic values, as NPV does.
Supposing that, for this hypothetical case, W3 resulted in a better FEI, this well will be fixed in the first period, and the process is repeated for the second period. Three simulation files are generated, considering W3 in first period; W1, W2 or W4 in second period; and remaining wells placed in third period. Figure 2 illustrates this situation.
This procedure is repeated until last well is placed in correspondent period. Total number of simulations for this case can be calculated using Equation 4. Parallel computing is used to simulate files in each iteration. A total of N-1 iterations are required to finish the process. 
Algorithm 2
The second procedure is based in an evolutionary algorithm. In the first iterations, random sequences of drilling are generated. For each file, NPV is calculated, and for each period, the wells that lead to worse economic scenarios are removed (domain restriction).
With this new domain, new pseudo-random sequences are generated. This process is repeated until convergence is achieved. Convergence may be defined as when, for each well, only one period is allowed for it to be opened. This criterion can be changed, however, in some cases an excessive number of simulations are required. Figure 3 shows this procedure.
To exemplify the implementation of Algorithm 2, one can imagine an example of reservoir with five wells. Initially, random schedules are generated, and each well can be opened in any of the five available periods. For each of these random schedules, FEI is calculated. Table 1 shows an example of schedules and FEI's found at this step.
For this example, the next step would be the generation of pseudo-random schedules, allowing for Well 1 to be open only in the periods 2, 3, and 4; and Well 2 only in periods 1, 2, and 3. The analysis is repeated for all wells.
The number of schedules generated for each iteration must be adjusted to maximize the use of parallelization resources. The total number of runs depends on model parameters, area and number of blocks, heterogeneity, and number of wells. An initial guess can also help to accelerate the process of convergence. In the tests in this paper, however, no initial guess has been considered.
Application
The methodology was applied in two synthetic field models, with characteristics based on real fields, both with high average permeability and heavy oil. Figure 4 shows maps for the top of each reservoir, and Table 2 shows additional information of the fields.
Using MATLAB, 2000 random sequences were generated for opening the wells. This step ensures that all wells would be opened, and no wells would be opened twice. These random values were used to compare with other methods.
About wells operational constraints, it was considered that each well was working on its maximum physical limits, so production systems and reservoir would not be damaged. Production and injection rate was of 3000 m 3 /day, producers minimum BHP of 6000 kPa, and injectors maximum BHP of 28000 kPa.
RESULTS AND DISCUSSIONS
For both fields, it was found a normal NPV distribution for the 2000 random sequences. With these values it was possible to draw a Gaussian curve for each field, giving a good basis for comparison with other methods. Figure 5 shows evolution of maximum, minimum, and average values with different number of realizations for Model 1. Average value remains nearly constant, but limit values (maximum and minimum) tend to grow (maximum values) or decrease (minimum values) when sample increases. 
Number of Random Simulations
Average Maximum Minimum Figure 6 shows the evolution of Field Economic Indicator (FEI) and Net Present Value (NPV) during the optimization process using algorithms 1 and 2 for Model 1. Vertical lines separate iterations.
In the case of Algorithm 1, the number of simulations decreases in each iteration. One can also observe that FEI increases during the whole process. The optimum NPV for this case is found in the last iteration, where there are only two options of wells to be opened in the last period of time. It is also important to stress that maximum NPV may be smaller than some previous FEI. At this point, is necessary to remember, then, that FEI considers that more than one well can be drilled in the same period of time, which is not feasible, and because of that, NPV value should be considered.
For the case of Algorithm 2, number of simulations for iteration is constant. It is possible to observe a progressive increase in average NPV, resulted from domain restriction, characteristic of this method. 
CONCLUSIONS
This paper describes the implementation of two different algorithms for optimization of the drilling schedule, and compares the results with other methodologies found in literature. In this section, the main conclusions are discussed.
• For both cases, both algorithms led to higher values of NPV or near the maximum value found for random simulations. It is important to notice that random schedules resulted in a broad range of NPV, but demanded a high number of simulations.
• Both algorithms proposed in this paper resulted in NPVs higher than that found with simple ranking of wells indicators (Gaspar et al., 2016) . This is an indication that, for heavy oil reservoirs, the drilling schedule can be important and must be optimized.
• The execution of both algorithms demanded a high number of simulations. When conducting these simulations is not feasible, it is recommended to simulate a small number of random schedules and pick the highest value of NPV. This is because, for both cases, the highest value from the random schedules found, even from small number of realizations, was higher than that found for ranking of wells indicators.
• Algorithm 1 is more advantageous for cases with small number of wells, because it requires fewer simulations. Also, this algorithm allows estimating the total number of simulations demanded, using Equations 1 and 2.
• When the number of wells is high, algorithm 2 is more advantageous because it requires fewer simulations than algorithm 1.
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